Carbonate deposition at two core sites in the subarctic Pacific (48 ° N, 133 ° W; 2.9 km and 3.7 km~water depth) follows the standard Pacific carbonate cycles, with glacial values being increased over interglacial values. Benthic 613C follows the global trend; that is, glacial values are more negative than interglacial values. Comparison with the benthic 613C record of North Atlantic DSDP Site 552 (56 ° N, 23 o W; 2.3 km water depth) shows the North Pacific records to be nearly in phase with and continuously more negative relative to the North Atlantic record. This suggests that concentrations of ~CO2(org ) were permanently higher in the North Pacific than in the North Atlantic during the past 750,000 years conceivably supporting the hypothesis that there was no deep-water forming in the late Pleistocene North Pacific. Whereas one would expect that the North Pacific deep waters were continuously more corrosive to carbonates than deep waters in the North Atlantic, carbonate deposition at the deep North Pacific core sites is enhanced during glacial periods, and occasionally higher than at shallow North Atlantic Site 552 even though Site 552 was probably above lysocline-depth during most of the late Pleistocene. This apparent paradox can be resolved only by invoking an increase in alkalinity in the glacial North Pacific which would have increased the degree of carbonate ion saturation and thereby improved the state of carbonate preservation.
Introduction
Variations in the ocean's carbonate system through time are of fundamental interest for chemical oceanography and paleoclimatology. Such variations affect the carbon dioxide buffer capacity of the ocean and have the potential of significantly enhancing fluctuations of atmospheric CO 2. Chemistry-oriented ocean-climate models call for enhanced carbonate dissolution and subsequent alkalinity readjustments [1] [2] [3] [4] [5] [6] as one possible mechanism for reducing the CO z concentration in the glacial atmosphere. The sedimentary record obtained from Atlantic and Pacific Ocean core sites, however, suggests that carbonate deposition has varied between in-phase and outof-phase fluctuations between both ocean basins during the late Pleistocene [7, 8] implying that carbonate dissolution was not the same in the world ocean. These patterns have been broadly attributed to a redistribution of carbonate ions between both oceans induced by changing deepwater circulation. At the same time benthic foraminiferal 613C records obtained from Pacific and Atlantic sediment cores show a nearly coherent pattern, the Pacific •13C values being continuously lower by 1.0-1.5%o than the Atlantic values [9, 10] suggesting that the chemical asymmetry, and conceivably also the advective flow of deep waters between the Atlantic and Pacific, was reasonably stable during glacial-interglacial times. This apparent paradox points to some basic reorganization within the ocean's carbon cycle during glacial-interglacial times. We present new benthic isotope and carbonate records of two sediment cores from the deep subarctic Pacific. Comparison of the core profiles with similar records available from shallow North Atlantic DSDP Site 552 implies a nearly out-of-phase response of carbonate deposition to climatic change between the North Pacific and the North Atlantic. At the same time the interoceanic offset of benthic 613C between DSDP Site 552 and our North Pacific sites has remained nearly constant. Continuously low 613C values suggest that the concentration of Y.CO 2 derived from the oxidation of organic matter was higher in the North Pacific than in the North Atlantic during the past 750,000 years. Whereas this should have resulted in a continuously enhanced carbonate dissolution in the North Pacific, carbonate deposition there was higher during glacial times supporting the hypothesis that oceanic alkalinity was higher in the glacial ocean [4] .
Analytical methods and results

Stable isotope stratigraphy and sedimentation rates
Stable isotope records were measured for North Pacific cores END77-29 (48°34'N, 133 ° 57'W; 3695 m) and Y70-5-64 (48 ° 25'N, 132 ° 46'W; 2944 m). Both cores were continuously sampled at 10 cm intervals. In addition, sub-samples were taken at 5 cm intervals for the upper two meters of core Y70-5-64 in order to improve the resolution of the stable isotope and carbonate stratigraphies of the last two climatic cycles. A higher sampling density is unlikely to have improved our stratigraphies since sedimentation rates at both core sites are low and fluctuations of carbonate and foraminiferal abundances are high. This makes the down-core records more susceptible to bioturbational smoothing than records from core sites where sedimentation rates are high (see below). The isotope measurements were run at Christian Albrechts University of Kiel (CAU) and at Oregon State University (OSU) on Finnigan MAT 251 mass spectrometers. Calibration of the mass spectrometers at CAU and OSU was done through National Institute of Standards and Technology "NBS" carbonate standards 19 and 20, and an internal working standard (Solenhofen Limestone, similar to NBS 20) . External precision (including carbonate preparation and spectrometric analysis) for 8180 and 813C at OSU is better than respectively 0.1%o and 0.06%0, and better than respectively 0.07%0 and 0.04%0 at CAU. All isotope data are listed in Appendix A and B.
Isotope measurements were carried out mostly on benthic foraminifer Cibicidoides wuellerstorfi, some isotope data were measured on Uoigerina spp. (mostly (U. peregrina and U. auberiana). The oxygen isotope data are reported on the Uvigerina scale of 6180 which is believed to be closest to isotope equilibrium as defined by temperature and oxygen isotope composition of the ambient water masses [11] . 6180 data of C. wuellerstorfi were converted into equivalent values of Uvigerina by adding 0.64%0 which is a well-accepted conversion factor for both genera [11] , and which is closely reproduced by our data (Fig. 1) Potential microhabitat effects [12] [13] [14] on the interspecific ~13C fractionation between Uoigerina spp. and C. wuellerstorfi are therefore only a minor concern at our North Pacific core sites. In accordance with the interspecific ~13C offset observed at our cores we use here a conversion value of 0.7%o (Fig. 1) . The oxygen isotope records of cores Y70-5-64 and END77-29 show considerable scatter along the length of the cores (Fig. 2a) . This is probably due to the combined effects of low sedimentation rates and high-amplitude variations of carbonate which allow for more severe distortion of the records than is usually encountered. Extremely low carbonate contents caused a data gap in core Y70-5-64 between 2.6 and 3.4 m. We believe that this core section represents interglacial stage 7. For core END77-29, some 8180 measurements made on samples from the same isotope stage (i.e., between 2.3 and 3.0 m) still have glacial values. Isotope measurements for this core section were made on only 1 to 3 specimens per sample which may have been admixed into the stage 7 sediments through bioturbation from the high-carbonate glacial core sections above and below.
Chronostratigraphies for cores END77-29 and Y70-5-64 were developed by visually correlating the oxygen isotope records to the Specmap global stack of 3180 [15] . Accordingly, core base ages of 460,000 and 750,000 years for cores END77-29 and Y70-5-64, respectively, have been obtained (Fig. 2a ). The derived chronologies were then applied to the carbonate records of both cores. Fine-tuning of the time scales was done by graphi-cally correlating their carbonate records. This tuning procedure was necessary because the 6180 curve structure of some core sections was not conclusive as to the exact correlation with the Specmap reference 6180 record, especially in the low-carbonate sections. The time models imply average sedimentation rates of respectively 1.3 and 1.6 cm 1000 yr -1 for cores END77-29 and Y70-5-64 (Fig. 3) . Along the sediment cores sedimentation rates vary between 0.8 and 2.4 cm 1000 yr 1. This yields a mean time resolution [calculated as the Nyquist period: N=2\F(sample interval, sedimentation rate)] of the isotope and carbonate records between 8.3 and 25 kyr at sampling intervals of 10 cm. Some rate maxima correlate with climatic transitions, e.g., at stage boundaries 5/6 and 12/13 ( Fig. 3) , and coincide with massive fluxes of ice-rafted debris. Other maxima, e.g., during mid-stage 8, have resulted from our attempt to correlate the oxygen isotope records with the corresponding curve structure of the Specmap stack. These maxima may be due to inaccuracies and irregularities of our isotope records with respect to the Specmap stack.
The 813C records of cores Y70-5-64 and END77-29 ( ,.~ hypothesis [16] that the glacial-interglacial carbon isotope history of deep-water Y.CO 2 in the subarctic North Pacific was not much different from that of the world ocean.
Carbonate records
Carbonate analyses for core Y70-5-64 were run at OSU using a Leco carbon analyzer following the analytical procedure described in [17] . The average daily reproducibility of carbonate standards was better than 0.6% (1 o). Accuracy of this system was better than 1.5% as obtained from 41 replicate carbonate standard measurements and from 20 reruns of sediment samples over a period of 9 months. Carbonate contents for core END77-29 were determined at the Pacific Geoscience Centre (PGC) by weight loss after stripping the samples with hydrochloric acid. Average reproducibility of this method was better than 0.6% (1 o) based on eight replicate sample measurements. The carbonate records of cores Y70-5-64 and END77-29 are similar in structure and amplitude (Fig. 4a ). Yet the carbonate minima in the shallower core Y70-5-64 (2944 m) are close to 0% whereas carbonate values at the deeper site END77-29 (3695 m) do not fall below 10%. This may point to a systematic offset between the two analytical procedures employed here. However, since these are the first carbonate records available from this area we do not know what the true glacial-interglacial carbonate levels are and thus, we did not correct either record for potential analytical offsets. In the later discussion we will focus on the amplitude of variation rather than on absolute carbonate values. Percent carbonate has been converted into rates of carbonate accumulation using an empirical relationship between carbonate content and dry bulk density, and by using the sedimentation rates as derived from the time stratigraphies. For discussion see text.
The carbonate records of cores Y70-5-64 and END77-29 show large-scale fluctuations by up Io 70% (Fig. 4a) . Both records display the standard Pacific carbonate cycles with enhanced values during glacial times and decreased values during interglacial times [8, [18] [19] [20] [21] [22] [23] . Prior to 400,000 yr B.P. the profile of core Y70-5-64 shows a gradual increase of CaCO 3 to the whole-core maximum with values close to 80% during isotope stages 13 and 14. This maximum is followed by a broad minimum between 300,000 and 400,000 years B.P., and the carbonate records thus follow the long-term Brunhes pattern of carbonate deposition observed e.g., in the equatorial Pacific [24] .
Fluctuations of percent carbonate are a function of carbonate production in the surface ocean, dilution with non-carbonate material, and carbonate dissolution. In order to eliminate the possible effects of dilution we have converted the records of CaCO 3 content (weight %) into profiles of CaCO~ accumulation (g cm -2 WOO yr 1) (Fig.  4b) . The conversion was made using the empirical relationship given in [25] which relates dry bulk density to the carbonate content of the sediments. Accumulation rates were then calculated as the product of sedimentation rate, percent carbonate and estimated dry bulk density. The empirical equation of [25] was derived from sediment data of the equatorial Pacific where the non-carbonate fraction consists mostly of diatomaceous opal. However, opal has a lower density than ice-rafted debris which is the most important non-carbonate component in the subarctic North Pacific and thus, using the equation of [25] we have probably underestimated the density of the non-carbonate fraction at our high-latitude core sites. Given these constraints the variations of carbonate accumulation may have been slightly less than those shown in Fig. 4b. are at the opposite ends of the deep-water pathway from the North Atlantic to the North Pacific, and also of the oceanic carbonate cycle. Percent carbonate data and benthic isotope profiles from Site 552 were available from Zimmermann et al. [30] and Shackleton and Hall [31] . The percent carbonate record was converted into a profile of carbonate accumulation following the same conversion procedure as described in section 2.2 using the time stratigraphy given in [31] .
Atlantic-
As Fig. 5A shows, carbonate deposition is nearly out of phase between the North Atlantic and the North Pacific during most of the late Pleistocene, the deep-Pacific values being higher than those documented at shallow, North Atlantic Site 552 during oxygen isotope stages 2, 6, 10, 13 and 14. At the same time benthic foraminiferal 613C values at our North Pacific core sites consistently remain more negative than those obtained at North Atlantic DSDP Site 552 (Fig. 5B) . As we will show below, the combined pattern of carbonate and benthic 613C variation suggests major vertical migrations of the North Pacific lysocline in response to the ocean's alkalinity cycle, whereas the North Atlantic lysocline at Site 552 remained reasonably stable at its modern depth position during the past 750,000 years.
Carbonate dissolution: controls and proxies
The distribution of CaCO 3 in deep sea sediments is controlled by the flux of CaCO 3 to the seafloor and by the degree of carbonate ion saturation in seawater. We use the carbonate dissolution model of Broecker and Peng [32] to determine the effect of varying degrees of carbonate undersaturation on the rate of carbonate dissolution in the North Atlantic and the North Pacific. The model determines percent carbonate at depth (f) and rates of carbonate dissolution as a function of the degree of carbonate saturation of seawater (ACO~), the rain rate (R) and the fraction of carbonate (FL) of the particle flux leaving the sea surface:
where ACO 2-is the difference between estimated ~-is the pore water resaturation time (set here to 90 s) and Ds is the carbonate ion diffusion coefficient (set here to 4 × 10 -6 cm 2 s-l 6) were determined using the equations given in Broecker and Takahashi [34] and by estimating (1) and by using the ACO 2-profiles shown in Fig. 6 . Carbonate flux to the seafloor was set to 1 and 1.8 g cm 2 kyr 1 for the North Pacific and North Atlantic Oceans, respectively. For discussion see text.
the solubility product of calcite using the equation of Plath et al. [35] . All titrimetric 22CO 2 values of the Pacific Geosecs stations have been corrected by -15 ~mol kg -1 so as to compensate for a systematic overestimation due to incomplete data reduction by the original computation scheme [34] . As Fig. 7 shows, the carbonate dissolution model predicts rapidly increasing rates of carbonate dissolution at increasing concentrations of ECO 2 which in turn decrease the degree of carbonate ion saturation. The CCD being defined as the horizon where the rate of dissolution exceeds the rate of CaCO 3 accumulation is reached in the North Atlantic and North Pacific at ACO~ values of -25 and 15 /~mol kg 1, respectively (Fig. 7) . These degrees of undersaturation are reached at water depths just below 4 km in the North Pacific and below 5 km in the North Atlantic (Fig. 6 ) which is in good agreement with the regional depth positions of the foraminiferal CCD in both ocean basins [36] .
The continued input and oxidation of marine organic matter results in a progressive lowering of ~13Czco2 and a progressive increase of ZCO 2 as the deep-ocean water masses flow away from their sites of convection. The covariance between the concentration of ZCO 2 and 613C,zco2 in the deep ocean is described by the empirical regression equation [37] :
where (~13C(preformed) is the carbon isotope composition of dissolved 57CO z in the surface waters by the time convection occurs, AOU is the Apparent Oxygen Utilization given in units of /xmol kg 1 and a is the slope of the equation which defines the AOU gain per unit of 813C,,co 2 decrease and which is a function of the carbon isotope composition of the oxidizable carbon fraction. In the modern ocean, (~13C(pre f ..... d) and slope a are respectively + 1.5%o (PDB) and 0.0075 [37] . Using the benthic 613C records of our North Pacific sediment cores and of Site 552 as a proxy for 6~3C,zco2 we have applied equation (2) to estimate the amount of oxygen utilized by the oxidation of organic matter at the North Atlantic and North Pacific core sites. AOU has then been transformed into units of "~CO2(org ) assuming a constant ratio of 1:1.3 between carbon release and oxygen consumption during oxidation of organic matter. As Fig. 5B shows, the benthic 613C records imply that ZCO21org ) concentrations in deep waters of the North Pacific were continuously higher by some 160 ~mol kg ~ than in the North Atlantic.
An apparent limitation of our ZCO 2 estimates arises from the fact that 613C,,co,_ is determined by the oxidation or organic matter and that the spatial distribution of 613C of the oceanic carbon fraction remains largely unaffected by the 61-~C of the inorganic carbon fraction which is released during the dissolution of carbonate. Also, 613C(pref ...... d) and the carbon isotope composition of the oxidizable carbon fraction in the ocean may have systematically changed during glacial-interglacial times [9,10,38 40] . A sensitivity test of equation (2) (Fig. 8) shows that a reduction of ~13C(pref ..... d) and of 613C of the oxidizable carbon fraction in the ocean from modern values of respectively +1.5%o and -20%o (PDB) to glacial values of respectively +0.5%o and -30%0 (PDB) would reduce the ZCO2(org ) gain per unit 613C,,co: depletion by about 30%. That is, the interoceanic offset of Y.CO2~org) between the North Atlantic and the subarctic North Pacific as inferred from benthic ~13C (Fig. 5B) carbon isotope composition of the oxidizable carbon fraction in the ocean has changed from a predominantly marine value of approximately -20%o (PDB) to a predominantly terrestrial value of close to -30%o (PDB). However, because such changes would have affected the world ocean uniformly and synchronously, the interoceanic gradient of benthic al3C would still support the contention that deep waters in the North Pacific were continually enriched with ECO2(o~ relative to those of the North Atlantic.
Pleistocene carbonate preservation and benthic ~it3C: geochemical implications
It has long been the consensus of paleoceanographers that carbonate preservation was enhanced in the Pacific during glacial intervals (7, 24, 25, 41] . At the same time carbonate dissolution in the deep Atlantic would have intensified during glacial periods due to decreased deep-water ventilation thus resulting in a dissolution pattern opposite to that of the Pacific [7, 8, 42] . Reduced ventilation of the Atlantic during glacial times would have increased the >2CO 2 in Atlantic deep waters and thereby lowered the carbonate ion concentration and enhanced carbonate dissolution.
Whereas this concept appears to be consistent with the reduced rates of carbonate deposition and low benthic 8~3C values recorded in glacial sections from deep-Atlantic core sites, it cannot explain the combined CaCO3-St3C signal at our North Pacific core sites. The apparent paradox between continuously low a13C and enhanced carbonate deposition can be resolved only by invoking an increase of alkalinity in the glacial North Pacific which would have increased [ CO 3 ] and thus also the state of carbonate preservation (Fig. 9) . Ambient deep waters at shallow North Atlantic DSDP Site 552 are today supersaturated with carbonate ions {Figs. 6 and 9) and Site 552 has probably remained above lysocline-depth during most of the late Pleistocene. The fact that carbonate accumulation in the deep North Pacific . Glacial ACO 2 has been estimated setting T-0°C and increasing salinities and XCO 2 by 1 and 50 #mol kg l, respectively, to accommodate glacial-ocean boundary conditions. during glacial times was similar to or even higher than in the shallow North Atlantic provides distinct evidence for major vertical fluctuations of the North Pacific lysocline. Applying thermodynamic relationships in the oceanic carbonate system [34] , we can estimate the change in [CO 2-] needed to bring the carbonate system at our core sites close to saturation by using Geosecs measurements of ECO 2 and Alk for the modern ocean. [CO 2 ] at North Pacific Geosecs stations 217 and 218 between 3.0 and 3.7 km water depth is about 62 ~mol kg-1, which is 7 /~mol kg-1 below the saturation level (i.e., ACO~ = -7/xmol kg t, Figs. 6 and 9). Assuming that equation (2) applies for the glacial ocean, we infer from benthic foraminiferal 8t3C that glacial ECO 2 was 50 tzmol kg t higher, i.e., 2388 /~mol kg -1 compared to 2338 ~tmol kg a today. If these values apply for our core sites, glacial [CO 2 ] at these sites would have to be 23/xmol kg -1 higher than today to be near the lysocline (i.e., ACO 2 = 0/xmol kg-1). For [CO~ ] to have increased by 23 /~mol kg -1, Alk would have to have increased by about 64 ~mol 1 1 (Fig. 9) . At DSDP Site 552 a glacial Y.CO 2 increase of 50 ktmol kg -t would have decreased the carbonate ion saturation to a ACO 2-value of +11 /~mol kg -~, compared to +40 /~mol kg -~ today (Fig. 9) . That is, glacial [CO 2 ] would still have been above the saturation level and glacial-interglacial carbonate fluctuations at Site 552 would have most likely resulted from a lower, glacial-stage carbonate productivity. This glacial carbonate preservation scenario is schematically illustrated in Fig. 10a . For comparison, if the observed pattern of carbonated deposition in the North Pacific were to be explained solely as a function of carbonate productivity, an increase of carbonate input and carbonate productivity in the North Pacific from modern values of respectively 70% and I g cm -2 kyr 1 to glacialmaximum values of close to respectively 100% and 20 g cm -2 kyr i would be required (Fig. 10b) . This is unlikely and a change in carbonate preservation appears to be more realistic. If [CO~-] at our North Pacific core sites at about 3 km water depth was indeed close to saturation during the late Pleistocene glacial periods, this would imply that the lysocline in the subarctic North Pacific had dropped from an interglacial (= modern) depth position of about 500 m to almost 3 km during glacial times. This vertical shift of the lysocline would have been much larger than that estimated for the equatorial Pacific and the Atlantic where Pleistocene depth variations of the lysocline are believed to be less than 700 m [24, 41] . If so, this would imply that chemical reorganizations in the ocean during global climatic change [4, 6] were largest in the North Pacific. 
